Context. Runaway stars form bow shocks by ploughing through the interstellar medium at supersonic speeds and are promising sources of nonthermal emission of photons. One of these objects has been found to emit non-thermal radiation in the radio band. This triggered the development of theoretical models predicting non-thermal photons from radio up to very-high-energy (VHE, E ≥ 0.1 TeV) gamma rays. Subsequently, one bow shock was also detected in X-ray observations. However, the data did not allow discrimination between a hot thermal and a non-thermal origin. Further observations of different candidates at X-ray energies showed no evidence for emission at the position of the bow shocks either. A systematic search in the Fermi-LAT energy regime resulted in flux upper limits for 27 candidates listed in the E-BOSS catalogue. Aims. Here we perform the first systematic search for VHE gamma-ray emission from bow shocks of runaway stars. Methods. Using all available archival H.E.S.S. data we search for very-high-energy gamma-ray emission at the positions of bow shock candidates listed in the second E-BOSS catalogue release. Out of the 73 bow shock candidates in this catalogue, 32 have been observed with H.E.S.S. Results. None of the observed 32 bow shock candidates in this population study show significant emission in the H.E.S.S. energy range. Therefore, flux upper limits are calculated in five energy bins and the fraction of the kinetic wind power that is converted into VHE gamma rays is constrained. Conclusions. Emission from stellar bow shocks is not detected in the energy range between 0.14 and 18 TeV. The resulting upper limits constrain the level of VHE gamma-ray emission from these objects down to 0.1 1% of the kinetic wind energy.
Introduction
Stars with velocities larger than ∼30 km s −1 (corrected for Solar motion and Galactic rotation) are historically called runaway stars due to their fast movement away from OB associations. Two scenarios for the formation process of runaway stars have been proposed: the dynamical ejection and the binary supernova scenario. Poveda et al. (1967) used simulations to verify that during the collapse of a small cluster, dynamical interactions of the stars can lead to high spatial velocities. Zwicky (1957) suggested that the runaway stars are formed during the supernova explosion in a binary system, where the second star keeps its high spatial velocity due to sudden mass loss during the supernova event. Hoogerwerf et al. (2000) showed that both proposed mechanisms take place in nature by retracing star trajectories. Examples for the supernova scenario and the dynamical ejection scenario are ζ Ophiuchi and AE Aurigae, respectively.
Since these massive OB stars have very fast stellar winds with velocities up to a few thousand kilometer per second, comparable to the shock speed of young supernova remnants, they are promising candidates for the acceleration of particles (electrons/protons) to high energies producing non-thermal emission. Stars moving through the interstellar medium (ISM) at supersonic speeds sweep matter up in their direction of motion and form bow shocks. The swept-up dust in these largescale bow shocks is heated and ionized by the stellar radiation, which leads to infrared emission. The thermal emission of these coma-shaped features was first discovered by van Buren & McCray (1988) using data from the Infrared Astronomical Satellite (IRAS). The first survey of stellar bow shocks was performed by van Buren et al. (1995) , followed by the Extensive stellar BOw Shock Survey catalogue (E-BOSS; Peri et al. 2012) . Benaglia et al. (2010) were the first to report on the detection of non-thermal radio emission from a stellar bow shock, namely BD+43
• 3654. They introduced an emission model predicting non-thermal photons detectable at radio, X-ray and gamma-ray energies. In this model, charged particles are accelerated up to relativistic energies via Fermi acceleration in the shock wave originating from the supersonic motion of the star. These relativistic particles interact with the ambient matter, photon or magnetic fields and produce non-thermal emission. The bow shock system is composed of two shocks, a slow forward shock with the ISM and a fast reverse shock with the stellar wind in which the relativistic particles are accelerated more efficiently. A more detailed description of the model and further developments can be found in Benaglia et al. (2010) , del Valle & Romero (2012) , López-Santiago et al. (2012) and Pereira et al. (2016) .
Based on this model, several observations of promising bow shock candidates followed, aiming to detect non-thermal emission. The follow-up search by Terada et al. (2012) for a nonthermal X-ray counterpart of BD+43
• 3654 using data from Suzaku revealed no emission in this regime. However, the resulting upper limits imply that the emission model from Benaglia et al. (2010) overestimated either the efficiency of the shockheating process, leading to electron energies that do not exceed 10 TeV, or the grade of turbulence of the magnetic field in the shock acceleration region. Further X-ray observations of ζ Ophiuchi and BD+43
• 3654 (Toalá et al. 2016 ) resulted in upper limits for non-thermal emission and lead to the conclusion that the intensity of the emission is below the sensitivity of cur-0 Send offprint requests to: H.E.S.S. collaboration, e-mail: contact.hess@hess-experiment.eu; * Corresponding authors † Deceased rent X-ray satellites. X-ray observations with XMM-Newton of AE Aurigae (HIP 24575) revealed for the first time significant emission, but its nature (very hot thermal or non-thermal) could not be firmly determined (López-Santiago et al. 2012 ). In the case of ζ Ophiuchi, Toalá et al. (2016) detected diffuse emission in the vicinity of this candidate, which they attribute to a plasma with a temperature of 2 · 10 6 K, in agreement with predictions of high plasma temperatures caused by instabilities mixing material between the shocked wind and the photo-ionized gas at the wake of the shock (Mackey et al. 2015) . Recently, (Toalá et al. 2017) showed that the X-ray emission close to AE Aurigae is point-like and unrelated to the bow shock. They furthermore searched for non-thermal diffuse X-ray emission around 6 well-determined runaway stars and found no evidence for it.
Del Valle et al. (2013) suggested the high-energy (HE, 100 MeV to ∼100 GeV) gamma-ray source 2FGL J2030.7+4417 (Nolan et al. 2012 ) to be associated with the bow shock of HD 195592. However, the source 2FGL J2030.7+4417 has been identified as a gamma-ray pulsar (Pletsch et al. 2012 ) and shows no significant off-pulse emission (Abdo et al. 2013 ), a strong indication that the detected photons predominantly originate in the pulsar and not in the bow shock.
A possibility of stellar bow shocks being variable gammaray sources was introduced by del Valle & Romero (2014) . The predicted variability in the gamma-ray flux originates from inhomogeneities of the ambient medium, leading to changes in the physical properties and thus the luminosity. The expected timescale of the variations is ∼1 year and depends on the size and density gradient of the molecular cloud and the velocity of the star.
In the HE gamma-ray regime Schulz et al. (2014) performed the first systematic search for non-thermal emission from bow shocks around runaway stars using 57 months of Fermi-LAT data testing the predictions of del Valle & Romero (2012) , Benaglia et al. (2010) and López-Santiago et al. (2012) . This population study resulted in upper limits for 27 bow shocks including ζ Ophiuchi for which the upper limit on its emission was found to be a factor ∼5 below the predicted emission from del Valle & Romero (2012) .
In this work, we search for very-high-energy (VHE, E ≥ 0.1 TeV) emission from stellar bow shocks using the latest, most comprehensive survey of bow shocks of runaway stars (Peri et al. 2015 , second E-BOSS catalogue release) which uses recent infrared data releases, mainly from the Wide-field Infrared Survey Explorer (WISE). The second E-BOSS catalogue release includes bow shocks from literature and serendipitously found ones to complete the sample. It comprises 73 bow shock candidates: 28 candidates from the first E-BOSS catalogue (Peri et al. 2012) , 16 new ones and 29 from recent publications.
We describe the H.E.S.S. observations, data analysis and results of 32 bow shock candidates in Sect. 2. A discussion on the implications of these non-detections is presented in Sect. 3.
Observations, data analysis and results
H.E.S.S. is an array of imaging atmospheric Cherenkov telescopes located in the Khomas Highland in Namibia at an altitude of 1800 m above sea level (23
• 16 18" S, 16
• 30 00" E; Hinton & the HESS Collaboration 2004). The initial configuration of four 12 meter telescopes (H.E.S.S. phase I) was extended with a central 28 meter telescope in July 2012. This work only uses data from the initial configuration, which provides an energy threshold of ∼100 GeV with an angular resolution better than 0.1
• and an energy resolution below 15%. The standard quality selection was used to discard observations during bad weather or instrumental conditions (Aharonian et al. 2006) .
The second E-BOSS catalogue release (Peri et al. 2015 ) is the basis for the population study presented in this work. Almost 50% (32 out of 73) of the candidates in the second E-BOSS catalogue release are covered by H.E.S.S. observations. 27 of the observed bow shocks are located within the Galactic plane, profiting from the nine-year-long H.E.S.S. Galactic Plane Survey (HGPS; H.E.S.S. Collaboration et al. 2016b) of the inner Milky Way. The study presented here complements the population studies on pulsar wind nebulae (H.E.S.S. Collaboration et al. 2016c) and supernova remnants (H.E.S.S. Collaboration et al. 2016a).
The coordinates listed in the second E-BOSS catalogue release are the stars' coordinates for all candidates except the seven serendipitous discoveries "SER1-7" for which the star could not be firmly identified. In these cases, the apex of the bow shock was estimated visually using publicly available WISE data. The four corresponding candidates in the H.E.S.S. sample are marked with *** in Table 1 .
The H.E.S.S. analyses are performed for the positions given in the second E-BOSS catalogue release with seven exceptions: The three bow shocks in M 17 have an angular separation of less than 0.1
• which is not resolvable for H.E.S.S. due to its point spread function (PSF ∼ 0.1
• ; Aharonian et al. (2006)). For these three objects one analysis was performed for the position of M 17-S2 which is in the centre of the three. The two exceptions M 17-S1 and S3 are marked with a * in Table 1 , since the coordinates of M 17-S2 are used for the analysis.
To ensure that the defined source region of the analysis covers the bow shock, its size and distance to the star have to be evaluated. If the length of the bow shock listed in the second E-BOSS catalogue release is larger than 0.1
• we estimate the bow shock position visually using publicly available WISE data and perform the analysis for this position. This criterion leads to updated coordinates for HIP 32067, HIP 88652, HIP 92865, Star 1 and G2; they are marked with ** in Table 1 . For HIP 32067 with a length of 13' (> 2 * 0.1
• ) the source region was enlarged from the standard 0.1
• to 0.11
• . The data were analysed using the ImPACT analysis method described in Parsons & Hinton (2014) . The standard cuts of this analysis were adopted, including a minimum charge of 60 photoelectrons per shower image and a signal extraction region of 0.1
• . A cross-check analysis performed with the model analysis method as presented by de Naurois & Rolland (2009) yielded compatible results.
The differential upper limits are presented in Table 1 , including the duration of the H.E.S.S. observations (live-time) and the parameters for each star. To avoid potential systematic biases, upper limits are only calculated if more than 10 events are recorded in the OFF regions that are used to estimate the background.
The analyses of all bow shock candidates were performed in a systematic way by using the same analysis cuts and configurations. None of the analysed bow shock candidates showed statistically significant VHE gamma-ray emission at the position of the bow shock; thus, upper limits on the flux are calculated using the method presented by Rolke et al. (2005) .
In some cases, the candidates are close to known VHE gamma-ray sources, which leads to significances up to 3 σ. However, dedicated analyses of the sky maps and the squaredangular distance distributions of the reconstructed direction of the events with respect to the candidates' source positions clearly showed that the emission is not originating from the bow shock.
In these cases upper limits were calculated in the same way as for the rest of the population.
The differential gamma-ray flux upper limits at 95% confidence-level in five energy bins (equally spaced in logarithmic energy) assuming a power-law spectrum of gamma-ray emission (dΦ/dE = Φ 0 (E/E 0 ) −Γ ) with a photon index Γ = 2.5 are presented in Table 1 and in Fig. 1 . Assuming different indices (Γ = 2.0 and Γ = 3.0) leads to marginal changes in the upper limits of order 10% or less.
Discussion and conclusions
There are currently no model predictions published for the bow shocks analysed here. Therefore, the published models for four different bow shocks are shown together with the upper limits from this work in Fig. 1 . All four model predictions are based on the model by del Valle & Romero (2012) and were motivated by dedicated searches for non-thermal emission The comparison of the VHE upper limits with the model prediction for BD+43
• 3654 (the only confirmed non-thermal emitter) suggests that several candidates of the H.E.S.S. bow shock sample do not emit VHE gamma rays at the level predicted by Benaglia et al. (2010) .
Power considerations
For the bow shocks with known stellar parameters and distance, the kinetic power of the wind can be compared to the upper limits of the radiative power at very-high energies. The kinetic power in the wind is given by:
with the mass-loss rateṀ and wind velocity v wind listed in Table  1 . The integrated upper limit of the VHE radiative power P UL is calculated using the VHE flux upper limits derived in this work (see Sect. 3):
with the distance d listed in Table 1 . The unknown uncertainties of the distances are treated as a systematic caveat here and are not included in the calculation. For this power calculation, the upper limits in the 0.1 − 10 TeV bin, shown in the last column in Table 1 , are used. Figure 2 shows the ratio of the powers (P UL /P wind ) as a function of the wind power. We constrain the fraction of wind power that is converted into the production of VHE gamma rays in all cases. In five cases we show that less than 0.1% of the wind power is potentially converted into the production of VHE gamma rays, while the majority of the limits constrain the ratio of the powers to < 0.1 − 1%. One should note that not all of the wind's kinetic power (as given in Eq. 1) is available for particle acceleration: the wind is emitted isotropically, while the bow shock covers only a limited solid angle.
Our systematic population study reveals no evidence for VHE gamma-ray emission from the bow shocks of runaway stars observed in the H.E.S.S. dataset. Together with the HE gammaray upper limits by Schulz et al. (2014) and several X-ray upper limits, this challenges the level of predicted non-thermal emission from bow shocks of runaway stars published so far (see Fig. 1 and references therein) . Table 1 . Differential gamma-ray flux upper limits (95% confidence-level) for bow shocks of runaway stars. ID, Star, distance d, wind velocity v wind and mass-loss rateṀ as listed in Peri et al. (2015) . The positions with the coordinates l and b denote the ones used for the analysis, which is not in all cases equal to the one in Peri et al. (2012) and Peri et al. (2015) (see text for details). Wind velocity: All values from Peri et al. (2012) ; brackets indicate values adopted from stars with the same spectral type. The live-time, how long each object was observed with H.E.S.S., is also listed. The acceptance-corrected live-time (the observation time corrected for the non-uniform acceptance across the field of view of the camera) is given in parentheses. 1.46 Notes. * The bow shocks M 17-S1, M 17-S2 and M 17-S3 are closer than 0.1 degree and therefore not resolvable by H.E.S.S., the upper limits are calculated for the position of M 17-S2 but valid for all three bow shock candidates. ** The analysis was done for the bow shock coordinates, see text for more details. *** The coordinates listed in second E-BOSS catalogue release are the apex coordinates of the bow shock, not the star's. a Distance uncertainty wrong in second E-BOSS catalogue release (1900±0.1 pc), original paper (Sadakane et al. 1985) 1.9±0.2 kpc. Fig. 1 . VHE gamma-ray luminosity upper limits for the 28 bow shock candidates with known distance, compared to model predictions for four different bow shocks (none of these four is in the H.E.S.S. survey sample, see text for details). One reason for the non-detection could be that particle acceleration is in general less efficient in bow shocks than in known gamma-ray sources. Terada et al. (2012) concluded that the magnetic fields in the bow shocks of runaway stars might be less turbulent compared to those of pulsar wind nebulae or supernova remnants, where gamma-ray emission is detected in many cases. A lower maximum energy of the accelerated particles or lower photon densities could also explain the non-detections.
For five bow shocks, we calculate that less than 0.1% of the kinetic power of the wind is converted into VHE gamma rays originating from relativistically accelerated particles. This is roughly the order of magnitude expected from geometrical considerations. For other astrophysical systems, like e.g. novae (Cheung et al. 2016) , the fraction of the total energy in electrons compared to the kinetic energy of the ejected mass is ∼ 0.1%.
In general, the search for non-thermal emission from bow shocks of runaway stars proves to be a challenge: so far, only one detection of non-thermal radio emission has been reported (Benaglia et al. 2010 ) and upper limits in other radio, X-ray, HE gamma-ray and VHE gamma-ray observations. Our paper presents the first VHE gamma-ray observations of this source class.
Our population study shows that none of the already observed stellar bow shocks listed in the second E-BOSS catalogue release emits VHE gamma rays at a flux level detectable with current imaging atmospheric Cherenkov telescopes. BD+43
• 3654 could also be unique in this source class as the only bow shock emitting non-thermal radiation.
The future Cherenkov Telescope Array (Hinton et al. 2013) , with approximately 10 times better sensitivity than current instruments and improved angular resolution, might be able to detect VHE gamma-ray emission from stellar bow shocks and understand the physics of these objects.
